Abstract: A discussion of the major mechanisms for electronic energy transfer for organic molecules is presented. Application of the techniaues and ideas of electronic energy transfer to study the 9roperties of-polymers is given.
INTRODUCTION
Energy transfer processes are central to all dynarnic processes of interest to chemists, e.g ..
• the transfer and conversion of heat energy into chemical energy, of light energy into electronic excitation energy, of electronic excitation enerey into ch<:>m:i.cal enerGY, etc. A COi!iOOn framewerk exists for the conceptualization and analysis of energy transfer processes. We consider that an ultimate gpal of any such analysis is an understanding of the factors determining the rates and efficiencies of energy transfer events and a rneans of utilizing this understanding to control and rnanipulate the energy transfer processes. Scheme I displays, in a flow diagram, the procedures to be considered in analyzing energy transfer processes. In this review, we shall be considered with electronic energy transfer processes, 1 by which we rnean the overall events that may be identified as occurring as shown Dx + A ----+D + Ax (1) where D represents a donor molecule, A represents an acceptör molecule and the asterisk represents electronic excitation. Conceptually, we suppose that at some initial t~.me f'l~ctronic excitation may be unambiguously associated with D and at sorne later time electronic excitation is unamb:i.guously associated with A. As chemists we seek to visualize the manner in which reaction 1 occurs in terms of energetic and structure descriptions, and then to associate available information on molecule energetics and structure with the rate and efficiency of reaction 1. We must consider molecular ener~tics and molecular structure in order to obtain an ultimate understandir..g of oolecul8.I' dyna-:ucs that vn..ll reveal the factors controlling rates and efficiencies. The energetic considerations are classified in terms of overall reaction energetics (ßG) andin terms of activation energy for reaction (ßG#) . The former quantity is readily estimable from knowledge of E(D~) and E(A~) the electronic excitation energies of the initial donor excited state and the final acceptor excited state, respectively. The activation energy ßG# may be associated with theoretical quantities related to molecular structure. In particular, a quanturn mechanical matrix element <D~AjHjDA~> may be formulated. The activation f'rre energy is related magnitude of this matrix element A large magnitude will indicate a fast rate of transfer ana therefore a srnall value of ßGl. A small or zero value of <D~AJHJD~ means a rate is slow or is precisely zero. As shown in Scherne 2, it is convenient to decompose <DxAjHjDAx> into terms that possess a direct relationship to molecular structure. For example, we may consider <DxAjHjDA~> to be the product of matrix elernents of electronic, nuclear and magnetic (spin) factors; i.e., He 1 ><x>~> . A set of selection rules related to structure imnediately follow: The process is "allowed" only if <D~AjHjDA~># 0; therefore, a process is allowed only if each term in the product <He 1 ><x><6> is not equal to zero.
RATE AND EFFICIENCY LAWS MOLECULAR MECHANICS
ELECTRONIC NUCLEAR SPIN EFFICIENCY Scheme 2 : Flow diagram of structure, dynamics and kinetic laws. Molecular structure may be considered in terms of electronic, nuclear and spin structure. Chemical dynamics is concerned with the rates of chemical process.
Knowledge of all rates allows evaluation of efficiencies. i.e., the rate of energy transfer in competition with the rate of decay of ~. Rate and efficiency laws relate theoretical models to experimental quantities. If a rate or efficiency law is obeyed, parameters such as the rate constant for energy transfer (kET) and cross section efficiencies <R8A) can be evaluated. The interpretation of these parameters rrrust be made in view of the molecular mechanics available to the system (e.g., structural and molecular mobility or :imrobility).
The actual molecular dynamics of a real system will depend not only on the interactions between molecules but also the molecular and excitation mechanics which are possible for the system. By this we mean the mobillty or J.lllllobility of groups or electrcffic exci:atior. wi.thin a molecule and the intermolecular mobility or immobility of molecules and electronic excitation. Knowledge of the rate of energy transfer and the rate of decay of D~ allows evaluation of the efficiency of energy transfer. The rates and efficiencies in turn, are determined by both features of molecular structure and the available molecular mechanics.
In order to cornpare the theoretical models relating rates and efficiencies to structure and molecular mechanics, we require quantitative formulations which allow us to relate experimental data to derive f'rom these forrrrulations energy transfer Parameters which are usef'ul in making ~omparisons between different systems and in evaluating rnechenisms.
RADIATIVE MECHANISIIS FOR ENERGY TRANSFER
The tran&fer of energy from Dl to A may occur radiatively via the following sequence D~ ~ D + hvD emission (2) :lf A + hvD ~ A reabsorption ( 3) In this case, the donor serves as a "110lecular lamp" capable of irradiating light into i ts environrrent. If a photon, hvD' happerts to be absorbed by A, then a net transfer of the type rF----+ A:lf will have been effected •.. The radiative :rrechanism of energy transfer has been termed "trivial" because of the s:iniplieity of the physical processes involved.2 However, the process may be significant in systeriJS where the donor p6ssesses a high quantum yield of emission. which overlaps a region of strong acceptor absorption. Since the radiative :rrechanism does not serve to inhibit reaCtions of n*, it is of no value for the protection of polymers.
We shall exclude this mechanism from further discussion and consider only radiationless mechanisms of electronic energy transfer.
RADIATIONLESS ELECTRONIC ENERGY TRANSFER. A GENERAL FORMUlATION
The rates of radiationless processes between electronic states may be treated in the framewerk of a general quantum mechanical fo:rnulation. For reaction 1, the resul t is :
where p is a measure 6f the nurober of possible isoenergetic transitions which are possible for the energy transfer, l)J(D*)l)J(A) and ljJ(D)ljJ(A:If) ·represent the wave functions for the initial state and final state respectively and H represents the electrostatic interactions responsible for the energy transfer. It is known that the integral of eq. 4 may be approximated as the sum of two terms (eq. 5) .
The first tenn represents the Coulombic interaction between the ini tial and final states and the second term represents the electron exchange interaction between the initial and final states.
Coulombic tenn Exchange term
The CoUlombic tenn may be interpreted as having the physical meaning of an interaction between the "transition charge densities" of D'EA and DA*. This interaction, in turn, is generally approximated by a dipole-dipole tenn. The latter may be viewed as interactions which are due to electronic rrritions on D* which sti.rnulate electronic 110tions on A, and eventuate in the formation of A*-. These interactions are analogous in fonn to those between a light wave and a molecule and to those which result from van der Waals interactions. The electron exchange tenn is the quantum mechanical interaction which results from two electrons "exchanging places". In order for the electrons of a donor and acceptor to exchange, finite overlap of the electron clouds of donor and acceptor molecules is required. Thus, close approach or actual collision of donor and acceptor is required if the electron exchange interaction is to be significant. The Coulombic and electronic exchange interactions may be visualized in tenns of molecular orbitals on the donor and acceptor. Let <Po-, 4> A, <Pn and 4> A* be the pertinent HO or LU orbi tals of the donor and acceptor.
For the Coulombic interaction ( Figure 1 ) electron 1 located in <f>n:t interacts wi th electron 2 located in <PA via He = e 2 IR, i.e., IIUltual electron-electron repulsion. This interaction causes electron 1 to jump to <Pn si!IUlltaneously as electron 2 jumps to <f>A:If. Notice that the electrons, after enerw transfer, remain on the same molecule on which they were originally located. The visual~zation of the electron exchange interaction is shown in the lower half of figure 1.
In this case, overlap of <f>r! and <f>A1L and of <PA and <Pn Cand to a lesser extent with ~) occurs.
Again IIUltual electron-electron interaction given by ~ ;:; e 2 tR occurs • Thi's interaction ca,uses electron 1 (originally located in <f>r!) to jump to <PA* and electron 2 (originally located in <f>n) to jump to <Pn· Notice that the electrons, after energy transfer, have exchanged molecular partners.
In SUßl!II3I'Y, from the theoretical standpoint, there are two major interactions which occur between electronic systems: ·
( 1) Coulombic interactions between the electrons and nuclei of one molecular system and the electrons and nuclei of another molecular system; (2) Exchange interactions between the overlapping electron clouds of two molecular systems. ·
In the Coulombic interaction we view the electron cloud of o* as oscillating back and forth along the 110lecular frame. To a nearby acceptor, l)lt appears to be an oscillating electric dipole. The electronic interactions between ~ and A may, in fact, be treated in precisely the same fashion as the interaction of a light wave and A. The reason for this is that the electric field of a light wave may be approximated as an oscillating electric dipole.
As a resul t of this analogy we expect that if electronic energy transfer occurs via Coulombic
(/JA (2) He ~ ~ (1) rJJ. (2) 0 .
Schematic of the orbital interactions for energy transfer by the Coulombic ( upper) and by the electron exchange ( lower) nechanisms . interactions between r! and A, the following situations will obtain:
(1) Electronic energy transfer will be possible through space, since the electronic interactions do not require direct overlap of electron clouds. ( 2) The rate of energy transfer will depend on the magni tude of the electric oscillations of D* and the absorption coeffident of the transition A~A1t.
If we view electronic energy transfer by the electron exchange nechanism as being analogous to the electronic interactions which bring about bi!IOlecular chemical reactions, we conclude:
( 1) Electronic energy transfer will require collisions of o* and A and will not be possible over distances of separations of l)lt and A which are large relative to 110lecular diameters; (2) The rate of energy transferwill depend on the magnitude of positive overlap and the nature of the orbital overlapping which induces the exchange interactions.
MOLECUI.AR ENERGETICS AND MECHANICS
We have sl<etched the general electrunic interactions between r! and A which can resul t • in general, in fornation of D and All.. The ~ and efficiency of such an energy transfer process depends on factors such as the energetics of the process and the rnechanical possibilities or restraints imposed upon the system by its mlecular structure, environrnental composition, etc.
Clearly, in order for an energy transfer to occur, an isoenergetic resonance between D' E ar.d A ImlSt be possible. l'breover, D' E and A ImlSt be separated by a distance v.>hich is notsolarge aa to mal<e electrunic interactions negligible relative to the lifetime of D' E. If D' E and A are initially separated by a distance which is large relative to that required for significant interaction • then energy transfer can occur only if ]jE and A are capable of undergoing roolecular diffusion tooard one anot;her or if the electrunic excitation can "leave" J)lt and migrate through the environment. The efficiency • rate and selecti vi ty of electrunic energy transfer is influenced by the following factors:
( 1) The electrunic rnechanisms by which electrunic energy transfer occurs; ( 2) The abili ty or inabili ty of donor and acceptor mlecules to undergo relative diffus5.onal IIDtions; (3) The occurence or non-occurence of energy migration, which is independent of molecular diffusional mtion.
ENERGETIC CONSIDERATIONS
The mst general factors which influences the rate of an energy transfer process are the reaction energetics . Since energy conservation applies to eq. 1, any endetherrnie energy transfer requires an activation energy, Ea • at least equal to the endothermicity of the reaction. We imagine that since electrunic energy transfer involves electrunic transitions (which tal<e place in..., 10:;_ 5 sec), the event.of energy transfer occurs isoenergetically, i.e., the transition energies JJ ---?D and A~Ax ImlSt match perfectly. In effect, we suppose that the electronic transitions occur so fast that thernal energy (which requires relatively slow nuclear motions) cannot be supplied or rei!DVed during the actual act of energy transfer. We may visualize the role of reaction exothermicit)• or endothermicity in terms of Figure 2 . Consider the following model of an electrunically excited molecule ~ in a thernal bath capable of rapidly rei!DVing excess vibrational energy of any state. If the excited state formed by absorption of a photon has a higher vibrational energy than the surrounding medium ( which is the solvent in a solution) • thernal relaxation will occur, and the energy of the state will fall to lower vibration levels until thernal equilibrium is established, which usually tal<es about 10-12 sec. The electrunically excited mlecule n• now stays in its lowest vibrational level until it becornes deactivated by either emission or some nonradiative process. If another mlecule A with a low-lying state is in the neighborhood of the first one, excitation transfer may tal<e place. If the energy difference for a deactivation process in D' E corresponds to that for a possible absorption transition in a nearby mlecule of A, then with sufficient energetic coupling between these mlecules, both processes may occur simultaneously, resulting in a transfer of excitation from sensitizer to acceptor by either a radiative or radiationless mechanism. The broad spectra of polyatomic mlecules in solution guarantees sufficient coincidence between D' E and A transitions if the absorption spectrum of A overlaps the emission spectrum of r!. Indeed • the number of poss ible simultaneaus isoenergetics which deacti vate D:t and excite A may be deduced from knowledge of the electronic emission spectrum corresponding to the r!~D transition and the absorption spectrum corresponding to the A____.,A• transitions.
In Figure 2 • emission of light from the v = o level of r! to various vibrational levels of D results in the emission spectrum indicated at the bottom left of the drawing. Absorption of light from the v = o level of A to various vibrational levels of D' E results in the absorption spectrum shown at the bottom right of the drawing. We may conceive of a spectral overlap integr>al, J • which pruvides a rneasure of the overlap of the emission spectrum of the donor and the absorption spectrum of the acceptor, and, therefore, the "density" of transitions which are energetically allowed. We may define J quantitatively by: rco J = J, frJAdv 0 (6) v.lhere fn is the spectral distribution of the donor emissio~ and fA is the spectral distribution of acceptor absorption, each expressed in quanta and apprupriately nornalized. In fig.2 • the shadded areas correspond to J. It is important to note that the magnitude of J • because it represents a no:rnalized function, is independent of both the probability of donor emission and the pröbability of acceptor absorption. It is also important to note that the vibrational intens~t~es employed to define J are a measure of the probability of transitions between different vibrational levels. Thus, J is also a measure of the "Franck-Condon Factors" or nuclear shape changes involved in donor emission and acceptor absorption processes. In S\.IIIIII\3I'Y, any energ;J transfer process of the type represented in eq. 1 is subject to energetic restrictions. The rate of reaction 1 will always depend on the size of J, the overlap integral which is a measure of the density of states of ])lt and A which may be "coupled" and undergo isoenergetic energ;J transfer. We might anticipate that J will be a useful experimental parameter in all cases of energ;J transfer exc;ept those for which streng chemical interactions between I)ll and A occur. In the later situatJ.on, the donor emission and acceptor absorption spectrum may no langer serve as a reliable guide to the reaction energetics. With this exception in mind we formulate the following selection rule for all ,electronic energy transfer processes which occur via direct interaction between ])lt and~: The rate constant for electronic energy transfer is zero if J = 0. If J f. 0, the rate constant for energy transfer J.s finite and its rnagnitude will depend on the specific mechanism by which energy transfer occurs.
STRUCTURAL CONSIDERATIONS
Even if the energetic restrictions (J f. 0) discussed above are met, the magnitude of the rate of energ;J transfer will depend on structural considerations. We shall consider the two major IIOlecular structLiral features which determine the rate of energ;J transfer to be electronic structure and nuclear structure. We shall assume that the electronic structures of D* and A w1ll be dominant J.n determJ.nJ.ng the magnitude of the direct J.nteractJ.on whJ.ch determines the rate of energ;J transfer. However, the ability of the nuclei (of a IIOlecule as a whole) to IIOve in space (IIOlecular diffusion) may influence which of the specific possible electronic interactions are IIOst probable.
lt
To a good approximation, the important interactions between the electronic systems of D, and A may be viewed as electrostatic in nature. From the general quantum mechanical description of electrostatic interactJ.ons, the magnitude latter may be expressed as a sum of "coulomb" and "exchange" terms, as we have noted earlier (eq. 5).
Coulomb Interactions. The Dipole-Dipole Approximation
The electrostatic interactions in the coulomb term may be replaced to a gpod approximation by a dipole-dipole interaction. From theory the magnitude of the dipole-dipöle interaction (between the electronic systems of I)ll and A) may be directly related to the probabilities of the radiative transitions n*---+ D and A---+A•. In tenns of a qualitative orbital scheme ( Fig. 1 ), the n*__" D transitions generally involves a j~ of an electron from an antibonding orbital, 4>JJ*• to a previously half-occupied bonding or non-bonding orbital 4>n and the A-+-A1l. transition involves excitation from a filled bonding or non-bondingorbital 4>A to a ~viously unfilled antibonding orbital 4>A1l.'
It can be shown from the theory of light absorption and emission that the probability, of the n*---+D and A·~A1l. radia..-tive transitions nay be related to the orbital transitions 4>JJ*___,4>n
4>A __,4>A11.. The experimental quantities related to the probability of emission and the probability of absorption are the radiative rate constant ~ and the extinction coefficient EA.
At this point let us review the factors relevant to Coulombic interactions between n* and A and see how we nay relate the expected rate of energy transfer to experimental quantities. The classical interection between a dipole ~D and a secend dipole vA is given by:
1.po e-1.po e mteract1.on = -3 --RDA where ~ is the distance separating the centers of the dipoles. It is usually assumed that if the distance of separation ~ is large relative to the dipole length, the dipoles nay :be approximated as points (i.e., orientation of the dipoles relative to one another is ignored). The energy of interaction between the dipoles is given by the square of eq. 7.
. R DA .
-'
The ~ of energy transfer ~ by dipole-dipole interaction is related directly to the ~ gy_ of the dipole-dipole interection, Thus, we have: Substitution o'f eqs. 10 and 11 into eq. 9 yields
We have seen earlier that ~ energy transfer mechanism will require overlap of the r/-.._..,. D and A __,A* transitions in order to satisfy the l.a.vJ of Conservation of Energy. In effect, this means that k"." will be directly related to J the spectral overlap integroal. Thus, eq.12 IIU.ISt be llD.ll tiplieii'"by J and we obtain the useful
Inspection of eq 13 reveals the I!Plecular properties which will be of najor importance in de-, termining the rate of energy transfer by a dipole-dipole interaction:
(1) ~ the rate constant for emission from JJ* to D (~ is the rate constant for the limiting situation that all n* I!Plecules emit); (2)tA the extinction coefficient for absorption from A-+A;, (we shall identify EA w1th EA max since for our purposes only a qualitative appreciation of the effect of E on ~ is desired).
NICHOLA.S J • TURRO (3) ~. the inverse sixth power of the separation of D and A.
( 4) J, the spectral overlap integraL
It should be noted that the Coulombic interection (which has been approxim:lted as a dipoledipole interection) operetes without the requirement of JIOlecular "contact", i.e., overlap of the electron clouds of ~ and A. We now consider the secend important general electrostatic interection between ~ and A, the electron exchange interaction.
ELECTRON · EXCHANGE
We normally view biJIOlecular chemical interactions as occuring via collisions between the reacting partners. By collision we mean that the electron clouds of the reaction species overlap significantly in~· In the region of overlap, electron exchange rnay occur. The situation is shown quarrtatively in Figure 3 . If we ignore the details of the orbitals overlap, then the rate constant for energy transfer by electron exchange is expected to fall off exponentially as the separation between r?-and A increases. Of course, the rate ~f energy transfer will also be directly related to J, the spectral overlap integral, so that
If we include the details of orbital interactions and overlap, we expect that Jm will take on a form similar to that proposed for chemical reactions, i.e., (15) Notice that the key factors :in an electron exchange interaction are quite different in several respects fvom those in a dipole-dipole interaction:
(1) The rate of energy transfer by the exchange nechanism does not depend directly on ~ nor eA. ( 2) The distance dependence of the rate of energy transfer by the exhange nechanism falloff exponentially with increasing separation of ~ and A (3) When r! and Aare close enough in space that they collide and their electron clouds overlap strongly, the rate of energy transfer will depend on the details of the orbital interactions that allow electron exchange.
EmCIENCY OF ENERGY TRANSFER
Upon observation of electronic energy transfer one may follow a standard procedure in seeking to establish the nechanism of the process. The first clessification should be whether the nechanism is short range (collisional or exchange in nature) or is long range (trivial emission-reabsorption or Coulombic in nature). We shall see that a number of experinental tests allow differentiation between short range or long range types, the rost inp:>rtant of which is the distance dependence of the efficiency of energy transfer. The efficiency of energy transfer is given by:
where ~ is· the rate constant for enerBY transfer and ko is the rate constant for decay of the donor. If ko is a constant and independent of the concentration of acceptor, we see that the efficiency of energy transfer depends on the relative ma.gnitudes of ~[Al and ko· The predicted distance dependence of ~ and hence ~PET is qui te different for the Coulombic and exchange nechanisns. For the foi"Jree' a relatively slow fall off into ~ is predicted COilq)ar'ed to exchange. If the energy transfer process can be qualitatively classified as dom:inatly Coulombic in nature, several quantitative tests of the Coulanbic mechanism are possible from the Forster theory. If the energy transfer proc;:ess can be qualitatively clas~ified as donnrinatly. exchange
,, ,, / i n kET/ko a 61nRDA (FORSTER) Fig. 4 Qualitative relationship between the :re.t:Lo of the energy-transfer rate constant to acceptor decay constant for Coulombic and eiectron excliarige energy transfer to the separation between ~ and A. · in nature, the next chore is to decide whether a concerted mechanism, change transfer mechanism or chemical bonding mechanism is invol ved. Finally, one should seek experimental evidence pertinent to the confirmation or exclusion of complexes in the energy transfer mechanism.
We have surveyed the tw::> major mechanisms by which electronic energy is possible. From a practical standpoint, knowing the efficiencies of specific energy transfer is generally more important than knowing their inherent rates. The number of energy transfer events per donor lifetime, ~TD' is the critical parameter for determing energy transfer efficiency. Thus, in order to anticipate the efficiency of energy transfer both ~ an TD must be evaluable.
To appreciate the relationship of efficiency to rate and lifetime we should note that a slow rate of transfer may still be efficient if TD is long, i.e. although the probability of energy transfer per uni t time is small, the period of time available to achieve energy transfer is large. We shall now consider various parameters which influence the efficiency of energy transfer.
We shall now consider how spin multiplicity, molecular diffusion and energy migration influence energy transfer efficiencies.
EFFECT OF SPIN MULTIPLICITY ON ENERGY TRANSFER PROCESSES
In general, chemical processes which proceed with a change in spin multiplicity (toS -F 0) are considerably slower than analogous processes which do not involve a change (toS = 0) in spin multiplicity (Wigner Spin Rule). If we confine ourselves to energy transfer processes involving only singlet and/or triplet states, four general classifications according to spin types are possible.
Singlet-singlet (eq.17) and triplet-triplet (eq.19) energy transfers are spin-allowed but singlet-triplet (eq.18) and triplet-singlet (eq.20) energy transfers are spin-forbidden. Because of the Wigner Rule we might dismiss transfer types 18 and 20 as viable possibilities of general importance. However, since we are concerned wi th efficiency, we can imagine that energy transfers of type 20 may become significant if the donor triplet is very long lived. Energy transfer of type 18 is "forbidden" by the spin rule and does not enjoy the possibility of a long donor lifetime to compensate for the slow rate constant of energy transfer. In summary, spinselectionrules automatically place prohibition factors on the rate constants of energy transfer processes. Of the four general types of energy transfers classified by spin types , we expect the following to be encountered in practice:
(1) The spin is ·allowed singlet-singlet (Coulombic or exchange mechanism) and triplet-iriplet. (exchange mechanism only) energy transfers. ( 2) The spin forbidden triplet-singlet ( Coulombic or exchange mechanisms) energy transfer. ·
ENERGY TRANSFER IN TME ABSENCE OF MOLECUlAR DIFFUSION
We have discussed the electronic mechanisms which make electronic energy transfer viable. It was noted (eq. 13) that. the rate of the dipole-dipole interaction falls off as RDX whereas the rate of the exchange interaction (eq. 14) falls of as exp-RDA" A qualitative comparison 4 of how ~TD falls off for these two interactions is shown in Fig. 4 . The efficiency of energy transfer by the exchange mechanism falls off much 110re sharply as a fuction of increasing separation of donor and acceptor than 'the efficiency of energy transfer by the dipole-dipole mechanism.
In order to appreciate the effect of molecular diffusion on the efficiency of energy transfer let us first consider several situations for donor-acceptor pairs which are held rigidly in space. We associate with ~ and A ' rough "collisional radius" ~ and RA which is related to the size of the molecule we commonly attribute to 110lecular structures. 
If the donor possesses its maxi-
From eq. 14 it is expected that the efficiency of energy transfer by the dipole-dipole will be significant at values of ~ "' 50-100A if e:~ is of the order of 10 5 . It is also to be concluded from eq. 22 that if e:~ is less than 1, the value of ~ required for efficient energy transfer will be comparable to or smaller than that for energy transfer by electron exchange. From this discussion several important conclusions concerning the efficiency o.f energy tl"ansfer arise:
(1) When ~ is of the order of ~ + RA' both the dipole-dipole and electron exchange mechanisms may be effective. (2) When ~ is lllllch larger than ~ + RA only the dipole-dipole mechanism may be effective, but only when e:~ "' 1cf • (3) When e:~ is <1, the dipole-dipole mechanism may be ineffective even at small separations of r! and A. Such is the situation when neither the molecules r! and A nor the excitation energy are free to move in space from an ini tial location. We now consider the effect of nolecular diffusion and energy migration on the mechanism of the energy transfer p:rocesses.
MOLECUlAR DIFFUSION AND ENERGY MIGRATION
In general, we expect that r! and A will be able to execute diffusional notions toward each other during the lifetime of r! before energy transfer occurs: 8 The rate constant for molecular diffusion in fluid media is given by:
where T is terrq:>erature in °K and 11 is viscosity in Poise. In Figure 6 diffusion is depicted schematically as the relative motion of r! and A th:rough the empty space between solvent molecules. Since energy transfer by the exchange mechanism requires close app:roach of r>!t and A we may assume that only if r! and A are capable of becomine partners in a collision complex will energy transfer by the exchange mechanism be efficient. Does this mean that efficient energy transfer by an exhange nechanism is limited to fluid solutions and is generally not important in rigid or highly viscous solutions? There is an exception to this expectation and that occurs when energy migration can occur via a series of transfers initiated by energy transfer from ])lt to a solvent molecule, mediated by hopping or migration of the exci tation th:rough the solvent and terminated by energy transfer f:rom a solvent molecule to A. In this case the solvent serves as an electronic energy conductor.
To gain an appreciation of distance time relations for molecular diffusion or energy migration a plot of the distance r, a 110lecule will diffuse in a tima period ' as shown in Figure 7 . The relationship between r and ' is given by the expression:
where r is the averege distance the 110lecule has diffused, ' is the tima period and D is the diffusion coefficient. In figure 7 , eq. 24 is plotted for D = 10-S cm 2 /sec = 1o 11 A 2 /sec, a value typical for a molecule diffusing in a fluid organic solvent and for D = 10-10 cm 2 /sec = 10 6 A 2 /sec a value typical of a very viscous, nearly rigid solvent. Suppose we take 1 ns as typical of the lifetima of a 110lecule in its singlet state. In the fluid solvent the trolecule will diffuse roughly 1SÄ during its lifetime. In the more viscous envirorunent, the same IIDle-
cule will only diffuse about 10 A. In so far as the viscous enviroTII!ent is 110re typical of polymer systems, we conclude that only small displacements of molecules in space will occur during the lifetima of singlet states. On the other hand, a triplet molecule whose l:ifetima is 10-3 sec rray, during its lifetima, diffuse up to 15,000 A in the fluid solvent or up to 0 .
50 A in the viscous solvent. . Without specific reference to the rrechanism of energy transfer, we can irragine that electronic excitation originally at a given point A in space and localized on a 110lecule M, will appear .at some later tima • still on a 110lecule M at some different point B in space. If the system · . contains a nurnber of identical 110lecules M, we cannot be certain whether the electronic exci-· tation diffused through space was localized on a IIDlecule M through the journey from point A 0 .
to point B or whether the exci tation migrated from M 11Dlecule to M IIDlecule n times and eventually was located on 110lecule M • ; n r
We call the 110verrent of M through space 110lecular difftiSl"on and associate with it ct diffusion coefficient D. We call the IIDVement OI' 1 'hopping 11 of electronic excitation from M nolecule to M 110lecule enerw migration and associate with it a migration coefficient A. If bQth rrechanisms for the d1splacerrent of exci tation energy through space operate , a distance of net 11 110lecular energy migration" r may be defined as·:
where • is a tima period of interest. In general, ' will be equal to the lifetime of an electronically excited molecule ~. If chromophores possessing low lying excited states are situated at more OI' less regular intervals along the backhone of a polymer molecule, such a situation may be crudely compared to that of a crystal. Energy migration, in pure crystals possessing a high degree of order anong chromophores, is a very important ~ess for the 110vement of excitation from an orie:inal. excitation site. In organic crystals small quantities of guest 110lecules or defects :act as energy treps. In 110st instances the guest 110lecules may be viewed as "point" or d:i.m:!r).sionless energy treps embedded in a three-dimansional matrix of the host molecules. QualHatively energy absorbed by the host is delocalized throughout the matrix and is ul timately observed as emis-sion · from the guest rrolecules. Analogously, a linear polyner chain through which similar delocalization of absorbed energy takes place might be likened to a one-di!rentional crystal. The analogy is complete if sone part of the polyner chain acts as a trap for the delocalized energy. Thus, we may supose that polyners, possessing erdered pendant chrorrophores which occur in regions of "one di!rensional crystallinity'' of the polyner, may undergo energy transfer pn:>ees-ses involving energy migration.
... 
QUANTITATIVE STUDY OF ENERGY TRANSFER PROCESSES
Quantitative information concer.ning the rates and efficiencies of energy transfer processes may be obtained by the fitting of rate and efficiency equations (Rate Laws) to experinental data and then evaluating for the desired quantities. Usually (1) the quantum yield of quenched or sensitized emission is related to the concentrations of excited donor and gpound state acceptor or (2) the decay of donor lifetine is related to the concentrations of excited donor and acceptor. In general, the concentration of rl' does not appear explicity in the Rate Law.
Each of the rrost co:rmonly encountered fo:nrulations for handling experinental data makes certain assumptions concer.ning the basic electronic nechanism of energy transfer (dipole-dipole or electron exchange) and/or takes into account whether or not molecular diffusion or energy migration is possible. From the Standpoint of solutions of organic molecules there are two important general rrodels for quantitative handling of experinental data: (1) In the Ster.n-Volner fo:nrulation, the rate constant for energy transfer is assumed to be independent of concentration of exci ted donor and acceptor, and that · statistical mixing of donor and acceptor is completely achieved during the lifetine of D*. If these conditions are net, then the decay of D* may be viewed in terms of a simple kinetic competi tion between the normal decay rate of D* in the absence of A and the decay rate of D* in the presence of A,
where XUJI: is the rate constant for decay of rJ in the presence of A, ~ is the rate constant for decay of r! in the absence of A and ~ is the rate constant for energy transfer. In terms of quantum yields of emission. [Al ( moleiL) Fig. 8 The relationship of separation of rJ-and A to the concentration of A.
The Stern~Volmer and Perrin equations allow quantitative characterization of the rate of efficiency of energy transfer independent of the mechanism of energy transfer. The ba.sic ideas of the two models are the extreme situations of (1) statistical mixing of molecules or energy and a single rate constant for energy transfer (Stern-Volmer) or (2) 
where R is the distance the excitation travels per hop. for styrene vinylbenzophenone copolymer films up,to 10 3 j~s of the triplet energy migr-ation from benzophenone to benzophenone is indicated.
Let ~ be the cri tical transfer distance for which the probabili ty of energy transfer equals the probabili 'bJ of deacl'tivation of r! by all other processes and let r be the distance of net molecular energy migration (eq. 31). Then two extreme situations may be envisioned:
(1) When r « ~· the r! molecules are quen&ed at distances of sepa.ration IIU.lch larger than the diffusional distances moved by the molecules or the excitation. In this case, the r! and A molecules rem:J;n e:ffectively stationary during the lifetime of r!. These are conditions for which Forster 2 ,,''Perrin 4 or Dexter-Inokuti -Hirayama 3 ' 10 Kinetic Laws apply.
(2) When r.)•},,~• the excitation energy or n*-(or both) are effectively mobile and the energy transfer,"rate is not distance dependent in the sense of case 1. In this situation, the Stern-Vomer,Kinetic Law may be applied. relative molecular diffusion coefficient In polymer systems, we expect in general that '1\VWI'll be very snall and incapa.ble of allowing case 2 to ,app:j.y if R~ > lSA. ,However, if the polymer structure allows, it may be possible dongde~a't:J.on)energy mJ.gratJ.on tha~JWill belarge enougn so that case 2 applies, i.e., only in the case of significant energy migration do we expect Stern-Volmer kinetics to apply to energy transfer in rigid polymers. Forster 2 demonstrated that for Coulornbic interactions in the absence of molecular diffusion or energy migration, the rate const-ant for energy transfer is given by:
where c is an estimable constant for a given donor•acceptor pair, ~ is the radiative rate constant for emission from r!, RnA is the distance separating the donor and acceptor, fD is the spectral distribution of donor emission (normalized to unity), e:A is the extincion coefficient of the acceptor at wavelength v. , All of the quantities on the right hand side of eq. 33 are estimable from experimental data so that a quantitative measure of ~ may be evaluated from experimental data. However, since ~ depends on ~, for each different separation of r! and A, a different rate constant exists! It is therefore not possible to discuss "the" rate constant for energy transfer if more than one donor-acceptor separation exists, It Ts convenient, therefore, to select an arbitrary Separation which will be useful to make comparisons between different donor-acceptor systerns.
For example, we may define a "critical" separation of RnA such that the rate of energy transfer exactly equals the rate of decay of r:! in the absence of A. Let this distance by ~. Based on the assumption of an electron exchange mechanism a general formula has been derived for the decay of donor phosphorescence when the donor and acceptor are fixed in space, randomly distributed and for which energy migration through the intervening medium is not possible. Thus, if the phosphorescence decay of a "donor triplet" is measured, the experimental resul t may be compared to theory. 10 The resulting theoretical expression is a complicated expression whose detailed analytical form is not of interest to us except for its form:
We note that the · decay functions depends on t the donor phosphorescence lifetime, R , the p 0 effective interaction distance separating donor and acceptor, L is effective radius of the donor, CA, the concentration of acceptor, C 0 the critical concentration corresponding to R 0 and t the time elapsed after excitation of the donor.
In the case of triplet-triplet energy transfer from benzophenone to naphtalene (rigid solution at 77°K) 11 , agreement betwe~~ the measured decay function and the theoretical expression is 0 found. Because of the agreement a value R 0 ~ 14A is found. This value is considerably greater than the rrolecular "radius" of the donor. Thus, an electron exchange mechanism which is effective over distances somewhat greater than rnolecule diameters. The following important assumptions made in this theory are: (1) Browian rnotion of all rnolecules is slow enough so that each individual energy-transfer process may be considered to occur at a definite donor-acceptor distance; (2) The rate constant for energy transfer is independent of rrolecular orientation. The decay function for r:! is not an exponential function because as the decay proceeds, excited donors having unexcited acceptors in their immediate neighborhood tend to become exhausted since the rate constant ~ decreases with increasing distance of separation.
The distance dependence of triplet-triplet energy tranfer between organic molecules has been established for a number of different donor-'acceptor pairs. As predicted, the donor phosphorescence decay is non-exponential in the presence of acceptor, but can be fitted to an exponential variation of the triplet-triplet rate constant with intermolecular distance. The results, which show the possibility of slow, but efficient energy transfer over distances significantly 0 greater than 10A, enphasize the ability of rrolecular wavefunctions to extend from the nuclei and resul t in energy transfer over distances greater than the "collisional" radii of rrolecules. When the donor-acceptor pairs are rigidly fixed in space and energy transfer occurs by an electron exchange mechanism, the value of ~ again depends on distance. A theoretical expression for this dependence was originally proposed by Dexter and is given by:
where c is a constant of the system for a given donor-acceptor pair, ~ is the critical separation of r:! and A, and J is the spectral overlap integral. An explicit formula for the time dependence of the decay of ~ in the presence of A has been developed and is given by a complex expression which if obeyed experimentally, allows evaluation of ~· A number of formulations are available for quantitative evaluation of energy transfer parameters. When molecular diffusion or energy migration results allow the assumption of statistical mixing, the Stern-Volmer fornulation may be employed to derive an average rate constant for the energy transfer process and this value of ~ may be used to compare different donoracceptor systems. When rnolecular diffusion and energy migration are not significant during the lifetime of r:!, the Perrin formulation, the Forster formulation or the Iexter formulation may be applied. In these cases instead of· a rate constant, the pertinent parameter is the "critical" separation ~ which is used to compare different donor-acceptor systerris. Before dealing with actual examples of energy transfer processes in polymers we need some calibration points in order to appreciate how the values of ~ and/or RßA ;nay be used to form conclusions of energy transfer mechanisms. Since electronic energy transfer is generally a function of the donor-acceptor separation, ~, determination of the distance dependence is important both for the determination and elucidation of the electronic and rnechanical mechanisms and for the utilization of energy transfer in effecting or controlling photochemical reactions. In conclusion we might ernphasize that all of the quantitative formulations which use experimental data to evaluate ~ and ~ rnake assumptions concerning the microscopic structure of the sarnple, in particular, the random or statistical distribution of D and A in space. Also, "trivial" donor emission acceptor reabsorption is assurned to be unimportant. If complexing of D and A results in a non-random distribution of D and A, the !IDdels no longer apply.
CALIBRATION POINTS FOR THE MAGNITUDE OF Kn .AND ~
Since values of ~ and ~ rna.y be extracted from energy transfer data, these quantities serve as useful guides to compare energy transfer processes in different donor-acceptor systems and as a rneans of elucidating rnechanistic pathways. Fil'st let us consider energy transfer by the exchange mechanism. In fluid solution, we expect the maxim..un values of ~ to be equal to the rate constant for diffusion of ~ and A into a cöllision encounter. Since the probability of electron exchange falls off rapidly as the separat1on of 15* and A increases (eq. 14) we expect that the maxim..un value of ~ will not be much larger than Rn + RA, the ~ of the "kinetic" collisional radii of ~ and A. The maximal value of J<..:..r, (exchange) rna.y be estirna.ted from eq. 23. For non-viscous solvents (e.g., benzene, acetonitr!ie, methanol, etc.) near room -2 temperature n ~ 18 so that :
For srna.ll organic rrolecules, the pertinent chrorrophores possess R values of the order of 0 ,..,7A or srna.ller so that: 0
We now have two calibration points with which to consider experimental data: For energy trans-.c eh .
. ~er by the exchang; me an1sm _ 101 . can s1gn1 1cant y exce 10 M sec and RDA cannot s1gn1-ficantly exceed 15A. We should keep in mind the fact that ~(exchange) is temperature dependent and should vary as T/n. Consider now energy transfer by the dipole-dipole mechanism. From eq. 33, if the spectral distribution of emission, given by fD and of absorption, given by EA are assumed to Gaussian and of half-width of ~ 4000 cm-1 , then the rate constant for energy transfer is approxirna.tely given by:
where E~ is the acceptor extinc~ion coefficient, ~ is the radiative lifetirne of ~ and ~ is the separation of D and A (in A) .
The largest values of EA encountered are of the cm!er of 10 cm M and values of kj) rarely exceed 1dl sec -1 . Thus, if r! and A are 10A apart ~ ~ 4x10 4 x10 5 x10 9 = 4x1o 1~ = 4 x 10 12 sec-1 (40) "lOT (10) 6 10 6
The value of ~ is only qualitatively correct but it emphasizes that for separation of r! and A as srna.ll as the order of rrolecular diarneters, ~ ~ reach a rna.gnitude approaching vibra-
tional rates! Suppose; ~ = 40A then, J<Er ~ 10. sec .
We now see that both ~ and (~)max for dipole-dipole energy transfer rna.y exceed the analo- 
ENERGY TRANSFER PROCESSES IN POLYMERS
We shall consider briefly some examples of energy transfer processes in polymers. A basic assumption made in the interpretation of energy transfer processes in polymers is that concepts developed for energy transfer between low molecular weight Chromophores in solution are valid for Chromophores inbedded in polymer ststems. A major new feature is the inhibition of molecular diffusion and molecular conformational motions imposed upon the polymer backbone and pendant groups by the polymer structure. The inhibition of molecular motions restricts the possibilities of molecular mechanics which may be involved in energy transfer processes.
A secend distinctive feature of macromolecules such as polymers is the occurence of sequential structural uni ts containing cl'ln:mophores which are attached to the backbone or main chain of a polymer. This permanent spatial relationship between neighboring and well separated chromophores contrasts with the dynamic relationship between a small solute molecule and its solvent neighbors. If the pattern of sequential bonding is repetitive and orderly, domains of the polymer may exist which are crystalline in nature. This situation may be favorable to certain types of energy transfer processes. If we assume that molecular diffusion is not significant during the excited state lifetime, and ignore intenrolecular energy transfer, we are concerned with the following situations: (1) Energy transfer from ~ to A occurs via direct interactions during which the polymer serves as an inert matrix which prevents molecular diffusion of ~ and A during the lifetime of r!, i.e.,
(2) Energy transfer from r! to A occurs via initial transfer to a chromophore, M, of the polymer, followed by energy transfer along the polymer chain until an ~ interacts with and transfers energy to an acceptor, i. e. ,
'-" ~ ""-" """* A (3) Energy transfer occurs from r! to M as in eq. 32, but A is now part of the polymer chain (end group or copolymerized group), i.e.,
We may also image situations in which rf is produced by direct light absorption and then processes analogaus to eqs. 41,42 and 43 ensue. With the above classifications in mind let us now consider some experimental examples of energy transfer processes in.polymers.
SINCLET-SINGLET ENERGY TRANSFER IN POLYMERS
By singlet-singlet energy transfer in polymers we mean that an electronically exci ted donor in its singlet state produces an electronically excited acceptor in its singlet state (eq. 44).
This process may occur in one step via a dipole~ipole interaction (favored by a large value for { and E:X> or via an exchange interaction (favored by a small value of I{ and E:X>. In a.C.dition, an indirect mechanism involving energy migration through polymer segnents may operate. The energy migration may occur via dipole~ipole or exchange interactions.
Same examples of singlet-singlet energy transfer in which the polymer serves as an inert matrix are given in Table 1 .
The large value of ~ for the singlet-singlet energy transfer in the pyrene-Sevron Yellow system in polyacrylonitrile indicates that transfer is occuring via a dipole~ipole mechanism. Energy migration. via the solvent is unimportant because polyacrylonitrile does not possess low energy singlet excited states. Furthenrore, the value of ~ calculated from eq. 33 (an assumption of a dipole-dipole interaction) is in excellent agreement with the value calculated frcm experirrental value data from eq. 34. Basile, Trans.Farad.Soc., 42, 3163 (1965) (3) G. Geuskens and C. David, IUPAC, special lectures, ~· 19 (1971) (4) c. David, w. IEJnarteau and G. Geuskens, Europ.Polymer J., . §_, 1397 (1970) (5) c. David, N. Putman and G. Geuskens, ibid., ~. 409 (1972) Similarly, singlet-singlet energy transfer from photoexcited polystyrene to tetraphenylbutadiene exhibits a value of ~ equal to 2lA. 'Ihe calculated value (eq. 33) is 20A, so that a•dipole-dipole interaction is indicated. 13 Ih the case of singlet-singlet energy transfer from polyvinylcarbazole to benzophenone, the ~alculated value of ~ is considerably srraller (12A) than the experirrental value (26A).
·this discrepancy is consistent with singlet energy migration among the carbazole units. 14 bhe small values of ~ for the donor-acceptor systems poly(vinylnaphthalene)-benzophenone 15 and poly(vinylmethyl ketone)-benzophenone 16 indicate a lack of both energy migration and of Coulombic interactions.
--Quenching of the fluorescence of poly (rrethyl vinyl ketone) by biacetyl in ethyl acetate indicates that ~ is about foUI' tiire greater than that for quenching of the fluorescence of small ketones (e.g., 4-heptanone) by biacety1. 17 'Ihis result has been interpreted in terms of singlet-singlet energy migration along the polymer .chain which results in a delocalization which so!rehow facilitates the transfer probability by effectively increasing the "cross section" for energy transfer.
TRIPLET-TRIPLET ENERGY TRANSFER
By triplet-triplet energy transfer in polymers we mean that an electronically excited donor in its triplet state produces an electronically excited acceptor in its triplet state (eq. 45).
(45) Triplet-triplet energy transfer is "forbidden" by the dipole-dipole mechanism (exceedingly low EA' eq. 39) however, triplet-triplet energy transfer is "spin-allowed" by the exchange rrechanism. We expect therefore that triplet-triplet transfer will generally occur via the exchange mechanism. Values of R& of the order of 10-lSÄ are expected since close approach of donor and acceptor are requirea for effective exchange interaction. Experirrentally, triplet-triplet parameters are measured by quenching donor phosphorescence and/or sensitizing acceptor emission. Sorre examples of triplet-triplet energy transfer in polyrrers are given in Table 2 .
From the ~ values given in table2, it may be conc;:luded that in the case of poly(vinylbenzophenone), poly(phenylvinylketone> 18 and styrene-vinylbenzophenone 9 copolymers substantial energy migration occurs via triplet-triplet energy transfer.
Notice that in solid solid (for which energy rnigration was unlikely)values of RgA ~ 13-15A are found. Also note chat "rate constant" for energy transfer at this separation is very By triplet-singlet energy transfer in polymers we mean that an electronically excited donor in its triplet state produces an electronically excited acceptors in its singlet state.(eq.46) (46) Triplet to singlet energy transfer may occur via the Coulombic mechanism if the donor triplet is very long-lived and if the acceptor possesses a large value of E~. These conditions are somewhat antithetical to experimental study by photoexcitation techniques. Since the requirement of a large E~ and finite spectral overlap (J, eq.6), contribute to make direct excitation of the donor technically difficult. Chemiexcitation of an electronically excited donor allows this difficulty to be overcome, because the electronic excitation of the donor occurs selectively and the value of E~ is irrelevant to the chemiexcitation step. Chemiluminescence is chemiexcitation which is followed by luminescence. Chemiluminescence techniques have been employed to demonstrate the occurence of energy transfer from triplet acetone to singlet dibromoanthracene in a polystyrene matrix. The process is 0 0 lcng range in nature (Ri)A~25A) and may involve a Coulombic mechanism and/or triplet energy migration through the polystyrene. The methods for stabilization of polymers against photodegradation rnay be classified in terms of: (1) Screening or coating of the polymer to prevent light from directly reacting the absorbing chrcmophores contained in the polymer; (2) Addition of absorbers which preferentially absorb photoactive wavelengths and which are capable of degrading the absorbed energy without causing polymer degradation; (3) Addition of scavengers which remove electronically excited states (or photochemically produced reactive intermediates) before the latter can cause polymer degradation. Let us consider stabilization method 3. Suppose a polymer absorbs a photon which excites one of the chronophores on the main polymar ba.ckbone.
Photoreactions of this excited unit IIE.y ini tia:te degradation of the polymer via: direct chain scission reactions, cross-linking reactions, chain alteration, etc. Alternatively, the excited unit IIE.y initia:te degredation via formation of an intermediate which then proceeds to actually effect the deterioration of the polymer. If the excited chronophore ~s known, a rational selection of potential, effec~ tive energy transfer quenchers is possible. As an illustration, irradiation of polymers containing ketone functions as part of the main chain or as pendant side chains resul ts in chain scission via the well known "Type II" cleavage reaction. For solutions of such polymers as well as in solid films, these reactions are strongly quenched by . the well known acceptors of energy from ketone triplets, e. g. , naphthalene and 1, 3-dienes. 2 0 For illustration, the quantum yield for chain scission by the Type II process is 0.25 for poly(phenyl vinyl ketone) in benzene. Addition of triplet quenchers results in a substantial decrea8e in the scission efficiency.21 . Interestingly, copolymars of vinyl phenyl ketone and 1-vinylnaphthalene are more stable to ';degr-adation than polymers of vinyl phenyl ketone containing free naphthalene units.22 The greater quenching efficiency of the bound naphthylene is probably due to energy migr-ation followed by trapping. Since the ~ value of the poly(vinylphenyl ketone) -naphthylene system 0 is '" 18A, quenching in copolymers would be cornpletely efficient if a naphthyl unit appeared 0 regularly every 18A. Experilrentally, the photolysis efficiency of a copolymer containing 9% naphthyl units (ideal average random separation'" 15Ä) is only 4% of the value of pure poly (vinylphenyl ketone). Poly(vinylbenzophenone) undergoes photoch~mical crosslinking as evidence by its insolubilization when a light of 365 nm is absorbed. 2 The reaction is probably the result of abstl'·3.Ction of a hydrogen atom by a triplet ketone unit followed by interchain radical couplings. This reaction is effectively prevented by the addition of naphthalene.
To the extent that a polymar undergoes photochemistry, it is possible that "impurities", either adventitiously present or as pa:M: of a few polymer chains (e.g., end gr-oups), rray have a dominant influ~nce on the efficiency of reaction or of quenching of reaction. Energy migretion or energy transfer along a polymer chain or between polymer chains may cause the electronic excitation to eventually become localized in a trap such that net photochemistry becomeo controlled from the trap rather than by the polymer itself. The irnpurity traps IIE.Y serve as stabilizers · · of the . polymer by eff icientl y and harmlessl y degr-ading the electronic exci tation or IIE.y serve <$ a site for initiation of polymer degr-adation. Thus, the photochemistry of polymers IIE.Y be part_ially dependent or completely controlled by energy transfer, energy migr-ation and other photophysical events that occur after a photon is absorbed by a polymer but befo~the actual :photochem1cal events that result in a net alteration of the polymer characteristics.
EXCIMER FORMATION
If an exci ted donor molecule r! comes into the proximi ty of a gr-ound state molecule D, the formation of an excimer is possible. An excilrer is an electronically excited species of the type D--!--D. Several important characteristics of excilrers 24 are: (1} Excimer formation requires close approach of IJk and D and usually requires specific structural interactions; (2} Exc:i.mer formation is detectable by excimer emission, which is usually distinct from tha.t of r!; ( 3) Excilrers are weakly bound species so that dissociation of the type D--!--n ~ D + r! may occur readily as a mechanism for energy migration. The emission of filrns of poly (vinylnaphthylene) at 77°K or at room temperature consists exclusively of broad excimer emission. The near absence of "normal" naphthalene nonomer fluorescence and phosphorescence at 77°K is notev.x:>rthy. 2 5 The lifetime of the excimer emission was found to be '" 10-3 sec, thereby indicating a rate limiting step involving triplets rat~~ th~ sin~lets. Evidently, naphthalene singlet excitation, produced by triplet-triplet ann~llc;thon, ffil.grates fn;>m naphthalene to naphthalene along the chain until the singlet excitatlon lS trapped by a palr of chronophores that have the correct mutual spatial orientation for excimer formation. Thus, nonomer fluorescence ('t f '" 100 ns) cannot compete wi th excimer formation. It is extremely unlikely that excimer formation occurs significantly at the site of absorption by exciting photon, since this v.x:>uld require each naphthalene group to have at least one first neighbor satisfying the orientation requirements for excimer formation. The emission spectrum of solutions of polystyrene at room temperature indicates that singlet excimer formation is nearlt 100 % efficient, i.e., only excimer fluorescence and no nonomer fluorescenc~ is observed.2 Thi~ result in~icates rapid intranolecular migration of singlet e~ergy to Sltes favorable to exclmer formatlon, and that these sites act as "traps" for smglet excitation .. At the t€!!1Derature of its glass fonnation (110°K) and below. excimer formation is not observed for dilute solutions of polystyrene. A neat film of polystyrene, however, displays excimer fluorescence at room temperature and at very low temperatures. The fraction nonomer fluorescence increases and the temperature is lowered. Evidently, in the neat polymer film interchain singlet migration is possible. Phosphorescence from polystyrene is observed for dilute solutions at 77vK. However, at room temperature no phosphorescence is observed because of the very strong quenching by oxygen and other impurities that are capable of serving as diffusional quenchers of triplets in polystyrene at room temperature but not at 77°K. The occur nce of triplet energy migration ii; polystyrene is indicated, however, by the Observation of delayed naphthalene fluorescence lil IJC?lyvinylnaphthalene-polystyrene copolymers, even when the phenyl group absorb nost of the exclting radiation. The delayed nature of the fluorescence is thought to be the resul t of triplet-triplet annihilation processes. Since only the naphthyl groups emit, although the phenyl groups are excited, the observations may be interpreted as the result of triplet:triplet migration along the polystyrene chain followed by triplet transfer to a naphthyl unlt. Further triplet migration along the napbthyl segment occurs until two triplets collide and generate a naphthalene singlet which then fluoresces. In SUlJliil3I'Y, eximer formation has provided a means of identifying the occurrance of energy transfer along site chains ( Figure 9 ) and across polymer chains. In addition, nolecular notion and nobility in solid polymers may be investigated by studying the extent of excimer formation· as a function of temperature. The broad general concepts which e~rerge are that ~ major types of electronic interactions provide the major mechanisms for electronic energy transfer (Sche~res 3 and 4) . The rate and efficiency of any actual system depends on the donor-acceptor pair with regard to the transfer energetics, the spin characteristics of the overall. transfer, the distance of separation and the occurrence (or non-occurrence) of molecular diffusion and/or energy migration.
Energy transfer processes can serve to protect polymers or to enhance their degradation. Systematic quantitative studies of energy transfer processes in polymer system have beCOJre IIOre coiiiiDn in recent years. These investigations are providing a substantial basis for the rational selection of molecular structures to achieve control of electronic energy transfer processes in polymers.
